This paper describes some personal background and a few of the technical achievements of Professor Dennis K. McLaughlin, who has been my colleague at Penn State since 1986. I have known Dennis for much longer than this, and I credit him with recommending that I consider an academic career. This paper contains contributions from Dennis's family, in particular his wife Connie, and from his current and former students and colleagues. I hope that these recollections will make a fitting introduction to this journal volume compiled in Dennis's honor.
tunnel experiments on stability and transition of flow on magnetically suspended cones. His advisor was Professor Morton (Mort) Finston. In addition to his thesis, 1 the results of his investigation resulted in his first journal publications. 2, 3 While at MIT Dennis coached and played on MIT hockey teams. For a couple of years he played on the Concord Eastern Olympics team in the New England Hockey League. This earned him $25 per game. In the 1967-68 season, Dennis played 12 games, had four goals and five assists, and spent a total of 6 min in the penalty box. 
Oklahoma State University, Stillwater, Oklahoma
Following his graduation in 1970, Dennis accepted a faculty position at Oklahoma State University in the Department of Mechanical and Aerospace Engineering. He was to remain there until 1981. While at OSU, Dennis and his colleagues worked on the development of laser anemometry, wind energy, and supersonic jet noise.
For his work in laser anemometry Dennis worked with colleague William (Bill) Tiederman and graduate students George Donohue and Mike Reischman. George went on, among many other positions, to become Vice-President of the RAND Corporation This gives an unambiguous measurement of velocity, but it is not continuous. In addition to making measurements with the laser anemometer, 4, 5 McLaughlin and Tiedermann 6 showed how such systems were subject to a bias that could be corrected based on a weighting with the inverse of the individual velocity vector.
In the early 1970s experiments were being conducted in California by Brown and Roshko 7 at Caltech and Winant and Browand 8 and Browand and Weidman 9 at the University of Southern California that suggested that mixing in turbulent shear layers was driven by the large-scale turbulent structures, rather than small-scale turbulent diffusion. At about the same time Tam, 10,11 who had been an Assistant Professor at MIT when Dennis was a doctoral student, was proposing that the noise radiated by high-speed shear layers was associated with instability waves. Perhaps this research led Dennis to pursue measurements of flow and noise in high-speed jets. In order to simplify the jet flow field it was decided to study jets at low and moderate Reynolds numbers. In order to make measurements at high Mach number and low Reynolds number it was necessary to operate the jets in a near vacuum. So Dennis and his students set about building an anechoic jet facility, first described by McLaughlin and McColgan. 12 Later measurements are described in McLaughlin et al., 13, 14 Morrison and McLaughlin, 15, 16 and Stromberg et al. 17 The facility consisted of a chamber 33 cm Â 39 cm Â 23 cm lined with acoustic tile. The pressure in the chamber was lowered to approximately 1/30th atmospheric pressure. The Reynolds numbers achieved were in the range 8000-107,000. Jerry Morrison recalls working with Tim Troutt ''drilling a multitude of holes in plate steel. . . and then using innumerable tubes of silicone sealant to make it vacuum tight.'' He also recalls that ''this was a shoe string operation. The code word was scrounge.'' In order to phase lock the instability waves in the jet a glow discharge excitation technique was used. Then the relative phase of the hot-wire or microphone measurements could be determined giving the wavefront orientations and wavelengths of the flow or acoustic fluctuations. Jerry Morrison recalls ''Dennis would try to electrocute himself setting up the glow discharge system operating at around 10,000 volts using a PMT power supply and a Macintosh tube type audio amplifier.'' Dennis's students will empathize with Jerry's comment that ''after Dennis attended a conference, the graduate students all tried to be scarce since he had numerous 'ideas' that would sidetrack us from completing the tasks at hand.'' Figure 3 shows a newspaper clipping from Dennis's Oklahoma State days.
The measurements taken in the facility at Oklahoma State University have proved invaluable to theoreticians and computational groups involved in the study or simulation of the noise from supersonic jets. Tam During his tenure at OSU, Dennis spent a sabbatical leave at NASA Langley Research Center in 1978-79, working with Jack Seiner on experiments and computer simulations of supersonic jet noise. The computer code he was using was one I had developed while I was working for Lockheed-Georgia. The code called LSNOIS is provided in detail in Tester et al. 21 and consists of an implementation of the jet noise prediction method described by Morris and Tam. 22 Seiner et al. 23 made measurements of the radiated noise, near-field pressures, and hot-film measurements in a Mach 2.0 jet. Comparisons were then made between the numerical predictions and the measurements with, thankfully, good agreement. Another assessment of the code was made in an MS report by Ko 24 at OSU supervised by Dennis.
When focused primarily on flow measurements, and Mongeau et al. 26 looked primarily at the aeroacoustics. Through correlations between the fluctuating surface pressure on one of the impeller blades and the radiated noise, the group were able to identify rotating stall as the primary noise source mechanism. As a by-product of this research, Mongeau et al. 27 demonstrated a technique to remove the effects of duct resonances or sound reflections and to isolate the noise source characteristics-a process known as noise whitening.
During the time these experiments were going on, Wolfgang Neise from the DLR Abteilung Turbulenzforschung in Berlin visited Penn State on a study leave. This was one of many visits by Wolfgang and he served for 20 years as DLR's liaison researcher for Penn State's Center for Acoustics and Vibration. As Department Head and as a Professor, Dennis has always been very supportive of the CAV. The former Center Director, Dr Gary Koopmann commented that Dennis ''shared facilities, equipment, his expertise and in general was (and still is) an ideal colleague.'' Dennis visited Wolfgang in Berlin several times. Sadly, Wolfgang passed away in 2011. Another frequent visitor from Germany was Dr Thomas Carolus from the University of Siegen Institute for Fluid and Thermodynamics. Thomas worked with Dennis and his students on wind turbine design and experiments.
A second early research project was conducted with graduate student Dr Jayanta Panda, who is presently an aerospace engineer in the Experimental Physics Branch at NASA Ames Research Center in California. The study involved the experimental characterization of instabilities in a swirling jet. 28 Hot-wire measurements and flow visualization were performed and an acoustic excitation system at the nozzle exit was used to enable phaseaveraged measurements to be made. The swirling jet facility was housed in a room that had previously held a vertical wind tunnel. This had been built by John Lumley 29 to study Lagrangian motion in turbulent flows. Soon after I came to Penn State I had modified the tunnel to enable turbulence measurements to be made in excited jets. 30 Dennis 31 appears to have brought the swirl tunnel used in the project from Dynamics Technology, Inc., where it had been used for experiments in a confined swirling jet using a triple hot-wire. The design had been performed while Dennis was at Oklahoma State University. Dennis has rarely been known to throw anything away.
In the late 1980s there was a surge of interest in turbulent mixing in high-speed compressible flows. So Dennis set about building a supersonic shear layer facility. There were several students who worked on the project: four Master's students Charlie Hackett, 32 Nick Kamvissis, 33 Steve Martens, 34 and Kevin Kinzie. 35 Steve and Kevin continued to work with Dennis on their doctoral degrees and Charlie pursued his PhD in Mechanical Engineering. The design is described in the four Master's theses. The facility had several special features. It operated at low pressures to reduce the Reynolds number, just like the anechoic jet facility at Oklahoma State. The two streams that produced the shear layer were separated by a contoured center body, and the convergent divergent nozzles were produced by two sliding blocks. This allowed for variations in the Mach numbers of the two streams. The high-speed stream Mach number could be varied between 2.0 and 4.0, and the low-speed stream Mach number could be varied between 2.0 and roughly sonic conditions. For pressure recovery there was a split-stream supersonic diffuser. The tunnel was pressurized at the upstream end and exhausted into two vacuum recovery vessels. There was also provision for a helium supply and a glow discharge system at the splitter trailing edge to permit excitation of supersonic shear layer instabilities. The larger vacuum recovery vessel, with a volume of 28.3 m 3 , had been used as a pressure vessel for a huge Van de Graaff generator used by the Nuclear Engineering Department. It was housed in a tower in the Academic Projects Building (APB) and had not been used for several years. I remember visiting the tower with Dennis, and we both commented on the layer of dead flies covering the pressure vessel and the floor.
In spite of the state of the building, the supersonic shear layer facility was completed. Steve Marten's PhD thesis 36 describes the results of the experiments to measure the properties of Kelvin-Helmholtz instabilities in supersonic shear layers. Results are also given in Martens et al. 37, 38 Steve went on to a successful career at General Electric Global Research and GE Aviation where he was the Director of Advanced Navy and Acoustics Programs. He moved recently to the Office of Naval Research as Program Officer for Power, Propulsion and Thermal Management. The hot-wire calibrations were carried out by Steve and Kevin in the refurbished low Reynolds number anechoic jet facility that had followed Dennis from Oklahoma State to California to State College. The jet facility was plumbed into the same vacuum system as the shear layer facility.
Kevin Kinzie 39 used the low Reynolds number anechoic jet facility to study the properties of instabilities in elliptic and rectangular jets. The glow discharge method was used again to excite different instability modes. Details of the experiments are given in Kinzie and McLaughlin. 40-42. Dennis has always been very involved in the facility development and running the experiments. Kevin recalls an incident when Dennis agreed to meet him in the APB on a Saturday morning to help with some facility problems. When Kevin was trying to explain the problem to Dennis he looked at the control cabinet and said, ''I think I know what we need to do here.'' They then proceeded to spend the next hour organizing cables and the patch panel. Kevin can't recall whether they actually solved the problem on that day. Kevin went on to a career with NASA and is now manager of the General Electric Power Wind Energy Blade Aerodynamics and Acoustics Team in Greenville, SC. Figure 4 shows Dennis with Kevin and Steve-all looking much younger.
It is hard to believe that I have got this far without mentioning Dennis's planning skills. His Gantt charts are the stuff of legends. All of Dennis's students know the value of careful planning, and this is something that many have valued throughout their careers. But it is clear that Dennis's planning has not always been left at the office. One weekend Dennis had several students over to his house to help with some heavy moving. He was buying pizza for everyone for lunch and writing down all the different kinds of pizza. Then he handed the order to his daughter Laurie. ''What-no diagram?'' she said.
Getting back to the technical story, to this point all the flow and noise experiments had been with unheated air. However, the velocities achieved in aircraft engines are a function of both the Mach number and the temperature. Dennis realized high temperature jets could be simulated with the use of helium/air mixtures. So the team, including Steve, Kevin, Nick Kamvissis, Paul Bent, Doug Barron, and Appa Vaddempudi, set about modifying the jet facility to use this technique. The initial results are described in McLaughlin et al. 43 This technique continues to be used to great advantage in ongoing experiments.
In 1996 Mike Doty had joined Penn State as a Master's student. Mike is presently the Aeroacoustics Branch Head at NASA Langley Research Center. Dennis set him to work in the supersonic shear layer facility. The research was based around the use of wavy walls in the tunnel to generate Mach waves that would interact with the shear layer instabilities and enhance the turbulent mixing. Some theoretical background was provided by Tam and Hu 44 and one of my PhD students who participated in the project. 45 Mike's shear layer results are described in his thesis 46 and Doty and McLaughlin. 47 About this time, the scene of operations moved from APB to the basement of Hammond Building. The experiments that Dennis had been conducting on centrifugal turbomachinery noise took place in an anechoic room in the basement of Hammond Building. The original room was built by Eckel Industries Inc. in 1968. It had been used previously for some jet noise experiments conducted by Seiner, 48 but had mostly been used, under the direction of Reethof, 49 for valve and fan noise studies. The room was decommissioned in 1997, and Dennis and his team began a major renovation project in 1999. Perhaps one of the original motivations for the move was to alleviate the trek across campus to get to the APB from Hammond Building.
The evolution of the facility took place in many stages. The long-term goal was to develop a heated supersonic jet anechoic facility. Initially, the plenum that had been used in the low Reynolds number facility in APB was reused in the new room. In its early development there was no eduction system, and the chamber door had to be opened to purge the helium from the room between experiments. It was about this time that Dennis heard that the jet facilities at Syracuse University were being decommissioned. These were the facilities used by Professor Dosanjh and his students including Jim Yu and Krish Ahuja. So Dennis made a deal to bring a number of components, including heaters and nozzles, to Penn State.
Since it was clear that an eduction system was a needed feature of the room, such a system was designed by Dr Jong-Soo Choi during a sabbatical leave. As with many of Dennis's facilities, the system made use of components from several sources, which involved little or no cost. The eduction system included a fan that had been used in an axisymmetric wind tunnel that I had built early in my Penn State career. A muffler from the same tunnel was split in half with sections upstream and downstream of the fan. As with many projects directed by Dennis there was extensive use made of student labor: both graduate and undergraduate. Participants in the construction of the different phases of the jet anechoic facility were undergraduates Jud Rupert and Shawn Brechbill and graduate students Vincent Tesson, Vincent Vielfaure, and Benoit Petitjean. In its original location, the anechoic room did not provide sufficient room for a new plenum and the eduction system. So the whole room was dragged in its entirety 10 ft to the northeast.
For the facility development, Dennis was helped by his students and aerospace department staff. Particular credit should be given to Rick Auhl who assisted with almost all the facility and equipment development and supervised teams of undergraduate students who worked on construction. For IT support Dennis and his students have called on Mark Catalano for many years.
The new anechoic facility has turned out to be very successful and has been used by many students pursuing graduate degrees or for undergraduate projects. The methodology for the use of helium/air mixtures to simulate heated jets is described in Mike Doty's doctoral thesis 50 and in Doty and McLaughlin. 51 Later comparisons with larger scale heated jet noise measurements, which show the fidelity of the heat simulation technique, are described in McLaughlin et al. 52 Dennis had been involved with velocity measurements with hot-wire anemometers and with laser Doppler anemometry at MIT and Oklahoma State. In order to obtain flow information on the characteristics of high-speed jets, Dennis worked with Mike Doty on the development of an optical deflectometer. The motivation of these early experiments was to determine the convection velocity of turbulence in high-speed jets. 53 The instrument is a quantitative schlieren device that allows time-dependent fluctuations in density gradient to be captured. This technique had been developed by Prof. Gary Settles and his students in Mechanical Engineering at Penn State (e.g. McIntyre 54 and McIntyre and Settles 55 ). The device was subsequently used in several research projects including those involving Petitjean et al., 56 Day, 57 and Veltin et al. 58 A new optical deflectometer was also designed, built, and tested and then shipped to UC Irvine, where it was used in Prof. Dimitri Papamoschou's laboratory 59 for beamformed flow-acoustic correlations. In 2001 Benoit Petitjean had joined Dennis's research team as a Masters student. He subsequently stayed for his PhD studies, graduating in 2006. The focus of Benoit's studies was the nonlinear propagation of noise from high-speed jets. Dennis and I had received a subcontract from Wyle Laboratories to help in the development of an advanced acoustic model for military aircraft noise. The prime sponsor was the Strategic Research and Development Program (SERDP). This was the start of our particular interest in the noise from tactical fighter aircraft. In describing nonlinear acoustic propagation, knowledge of the time history of the pressure is important. Petitjean and McLaughlin 60 developed a method to correct the measured microphone signals for the microphone actuator and free-field response as well as atmospheric attenuation. The same technique was applied to measurements taken in the Boeing Low-Speed Aeroacoustics Facility by Viswanathan. 61 Vishy had been my doctoral advisee who graduated in 1991 and who had continued to collaborate with Dennis and me on joint projects while working at the Boeing Company in Seattle.
Another contract from SERDP in 2007 permitted continuation of the work on supersonic jet noise. This project was in collaboration with NASA, GE Aviation, and Wyle Laboratories. Dennis was the lead on the small-scale jet noise experiments at Penn State. Several innovations were implemented in addition to the use of helium/air mixtures to simulate heated jets. In particular, rapid prototyping was used to manufacture the nozzles used in the experiments. Students involved in the experimental jet noise research included Jeremy Veltin and Ching-Wen Kuo, both of whom completed their doctoral studies under Dennis's guidance.
In 2011 the Office of Naval Research announced a basic research thrust entitled ''Towards Active Control of Noise from Hot Supersonic Jets.'' A stated research area of interest was ''advanced noise control design methodologies and devices.'' Dennis and I were aware of the success that Seiner et al. 62 had achieved with ''corrugated seals,'' as a jet noise reduction methodology. However, it was known that these devices would lead to performance penalties at cruise. Dennis and I came up with the idea to replace the hard-walled corrugations with ''fluidic inserts.'' These flow corrugations would be generated with lines of injectors in the diverging section of a convergent-divergent nozzle. I recall that the discussion that led to this concept took place in the corridor outside the mailroom. Fortunately the proposal we wrote was funded by ONR, and a series of experiments building on the original concept are still continuing. Several students contributed to this effort including Ching-Wen Kuo (by then a postdoc), Russell Powers, Scott Hromisin, and Jessica Morgan. Remarkably, the concept worked from almost the beginning of the testing program. The results were reported first in 2012. 63, 64 Several experiments since these early studies have continued to show success, including testing of the concept at a moderate scale by GE Aviation.
Since joining Penn State Dennis has been involved in many projects in addition to the jet noise studies I have focused on here. These have included construction and testing of a ground-effect vehicle ''the flying boat,'' construction and testing of wind turbines, and heat transfer in impinging jets. The last required the installation of an air heating system on the roof of the anechoic room. There are sure to have been many more projects and many students whose names I have not mentioned, but there is not sufficient time nor room to describe them here.
Awards and other odds and ends
Given Dennis's illustrious academic and professional career he has received many awards. In 2005 Dennis was elected as a Fellow of the American Institute of Aeronautics and Astronautics (AIAA). The citation read ''For significant contributions to Aerospace Engineering Education and for pioneering studies in experimental aeroacoustics.'' My wife Bing joined me, Connie and Dennis for the Gala Dinner at the Grand Hyatt in Washington, DC. Figure 5 shows Dennis and me all dressed up and having a good time. In 2010 Dennis received the AIAA Aeroacoustics Award ''For pioneering contributions in experimental aeroacoustics, particularly measurements of noise generated by large-scale structures in supersonic jets, and for leadership in aerospace engineering education.'' The award was presented in the Vasa Museum in Stockholm, Sweden. The museum contains a complete Swedish warship that sank on its maiden voyage after sailing only 1300 m. I had the pleasure of introducing Dennis. As at all of the aeroacoustics meetings held in Europe, the wine flowed freely, which may be in evidence in Figure 6 that shows me presenting Dennis with the award.
As mentioned earlier Dennis had spent a sabbatical leave from Oklahoma State University at NASA Langley Research Center in 1978/79 working with Jack Seiner. Dennis also spent an enjoyable sabbatical leave in 2007 at UC Irvine, working with Dimitri Papamoschou in his anechoic supersonic jet facility, which is not unlike the Penn State facility. In addition to some teaching assignments Dennis 66 worked with Dimitri to quantify the effects of a ground plane on jet noise radiation. Figure 7 shows Dennis and Dimitri working hard in Dimitri's laboratory.
In 2004 Dennis stepped down from his position as Department Head after serving for 18 years. Dennis officially retired in 2015. But he still continues to work at a seemingly undiminished rate: except for an increasing number of visits to the golf course.
Dennis and I have traveled and had fun on several continents and in many countries. Everyone who knows Dennis knows that he likes to have a good time and is not above making fun of himself. Figure 8 shows Dennis, George Lesieutre, who succeeded Dennis as Department Head, and me dressing up for a Halloween party in the Aerospace Department.
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